We propose the employment of radial vertical combdrive actuators to implement two-axis micro-electro-mechanical systems (MEMS) scanners. The devices are designed based on a five-layer polysilicon surface micromachining process. A cross-bar spring structure consisting of lower and upper torsion springs is incorporated to achieve two rotational degrees of freedom, enabling the dual-axis rotation. Both the vertical combdrive actuators and the torsion springs are hidden underneath the mirror to achieve a small form factor. Theoretical analysis is performed for comparison of various designs. Preliminary experimental results are also obtained.
Introduction
Advances in optical fibre communication [1] [2] [3] [4] , display technologies [5] [6] [7] , and biological imaging and tomography [8] [9] [10] have been the major driving forces for the development of MEMS scanners. In particular, two-axis scanners are of great interest as they enable the two-dimensional (2D) steering of optical beams [11] [12] [13] [14] [15] . For example, they can be used for 3D optical cross connects (OXCs) [2, 3] and wavelength-selective switches (WSSs) [16, 17] in optical networks. In the display application, a two-axis scanner is the key component of a laser scanning display or retinal scanning display (RSD) [7] . In the area of biomedical imaging, a miniaturized biaxial optical scanning head can be made by packaging a two-axis scanner into the catheter endoscope [9] .
Among all the actuation mechanisms, electrostatic actuation has been one of the most popular approaches for driving MEMS devices. Parallel-plate electrostatic actuators have simple structures [11] ; however, their displacements or rotation ranges are limited by the pull-in effect. Vertical combdrive actuators are more attractive as ideally they are free from the pull-in effect and also offer larger force densities [13-15, 18, 19] .
Typically, a gimbal structure exists in a dual-axis vertical combdrive micromirror [13] . It is desirable to eliminate the gimbal so that the device form factor can be reduced. Vertical combdrive actuators in conjunction with the leverage mechanism have been used in gimbal-less twoaxis scanners [14, 15] . The device structures were relatively complicated and required delicate mechanical designs. In this paper, we propose using radial vertical combdrive actuators to eliminate the need of gimbals in two-axis scanners. A similar radial-comb arrangement was demonstrated previously by others; however, their achieved rotation angle was relatively small (2 mrad) [20] . Also, their architecture makes it relatively challenging to reduce the form factor. In our device, we adopt the cross-bar spring structure of our previous scanner [21, 22] , which consists of lower and upper torsion springs to obtain two rotational degrees of freedom (DOFs) without the use of gimbals. Both the actuators and the torsion springs are hidden under the mirror to reduce the device form factor for a given mirror area. This further helps to achieve a high fill factor when replicating such a scanner to form a 1D or 2D array. Also, a small form factor implies a small device footprint and package size, which is particularly important for applications such as MEMS-based endoscopic imaging. Previously, we have demonstrated the basic design concept and preliminary results [23] . In this paper, we include the detailed design, analysis, characterization, and discussion. Figure 1 (a) is a schematic drawing of the two-axis scanner. It is imaginarily dismantled into four tiers in figure 1(b) for a clearer illustration. The device design is based on the SUMMiT-V surface micromachining process offered by Sandia National Laboratory. The layers used in the SUMMiT-V process are shown in figure 2. There are five polysilicon layers, including one nonreleasable ground/shield layer (mmpoly0) and four structural layers (mmpoly1 to mmpoly4). The polysilicon is deposited with low-pressure chemical vapour deposition (LPCVD) and doped with phosphorous. Tetraethylorthosilicate silicon dioxide serves as the sacrificial layers. The mmpoly0 layer is used for the interconnecting lines, voltage feed-through lines/planes for the fixed combs, and shielding ground planes. The shielding ground planes minimize the area of exposed dielectric. This makes the mirror immune from drift caused by the dielectric charging effect. The lower torsion springs and the fixed combs are made of the mmpoly1 (1 µm thick) layer and the laminated mmpoly1 + mmpoly2 stack (2.5 µm thick), respectively. Both the upper torsion springs and movable combs are fabricated with the mmpoly3 layer (2.25 µm thick). This unique multilayer spring design enables us to achieve large clearance for both rotation axes: 6.5 µm (2 µm + 2.5 µm + 2 µm) and 6.25 µm (2 µm+2 .25 µm+2 µm) for x-and y-axis rotations, respectively [21] .
Device structure
The top polysilicon layer, mmpoly4 (2.25 µm thick), is used for the mirror. Before depositing the top two polysilicon layers mmpoly3 and mmpoly4, a CMP (chemical mechanical planarization) process is performed on their corresponding underlying SiO 2 sacrificial layers (denoted by sacox3 and sacox4 respectively in SUMMiT-V) to eliminate the topography underneath the mirrors. It also provides a large gap spacing (10.75 µm) between the mirror and substrate. The mirror, movable combs, and torsion springs are mechanically and electrically connected through anchors. They are always grounded during operation as the lower springs are anchored to the shielding planes. The mirror is equipped with four quadrantally arranged sets of fixed combs, each anchored to its own voltage feed-through plane. Therefore, a maximum of four independent voltages can be applied to control the mirror. Our designs include several variants. Two types of crossbar spring structure are deployed: one with single-beam lower springs as shown in figures 1 and 3(a); the other with doublebeam lower springs ( figure 3(b) ). g, l o , l f , and l r in figure 3 are the gap between movable and fixed fingers, length of overlap between movable and fixed fingers, movable finger length, and distance from the movable finger tip to the device centre, respectively. The four quadrantally arranged electrodes are denoted by a, b, c, and d. The beam width of both the lower and upper springs is drawn as 1 µm in the design layout. The beam length of the lower spring is 37.5 µm while that of the upper spring is 36.5 µm. The mirror size is 96 µm × 96 µm. The dimensions are chosen for the MEMS wavelength-selective switch, which normally requires a 1D array of micromirrors with a size of 100-200 µm [16, 21] . The mirror alone can be extended for other applications without changing the dimensions of the actuators and springs. The initial finger gap of a certain mirror design is either 1, 2, or 3 µm, with the finger width fixed at 1 µm. The finger length and finger overlap also vary among devices. The parameters for each device are listed in table 1.
Theoretical analysis
The device simulation is done with ANSYS, a commercial software for multi-field analysis. The Young's modulus, Poisson's ratio, and mass density of polysilicon are set as 85.4 GPa, 0.22, 2329 kg m −3 , respectively. The Young's modulus here for the polysilicon of the SUMMiT-V process is based on our previous study [19] . Two element types are used in the ANSYS model. The electrostatic element is Solid 122, capable of solving the 3D spatial distribution of the electrostatic potential and field. The structural element is Solid 95, which provides the information of nodal displacements, from which the rotation angles can be derived. For dc analysis, voltages are applied on the electrode sets (a, b) and (a, c) to obtain the dc characterization for x-and y-axis rotations, respectively. The notations of electrodes are shown in figure 3 . The x-axis rotation is predominantly the torsion motion of the lower springs. On the other hand, the y-axis rotation is a combination of the upper-spring torsion mode and lowerspring rocking mode. This is mainly due to the fact that the lower-spring thickness 1 µm is significantly smaller than the thickness of the upper springs 2.25 µm, making the lower springs relatively compliant to bend upward or downward. Figure 4 is the simulation results, showing the pull-in angle and the corresponding pull-in voltage for each device. The circular and triangular dots are for x-and y-axis rotations, respectively. Several trends can be observed in the charts. First, the pull-in angle of x-axis rotation is larger than that of y-axis rotation for each device. Also, for rotation about each axis, enlarging the initial finger gap tends to increase the pull-in angle and voltage. A device with double-beam lower springs tends to exhibit a larger pull-in angle and voltage at each axis than its counterpart with single-beam lower springs. These trends can be explained by the concept of lateral instability/pull-in. Combdrive actuators with smaller finger gaps are more susceptible to lateral instability. This issue stands out particularly for radial combdrive structures as the finger gap within a single device nonuniformly changes during rotation. Increasing the finger gap makes the device less susceptible to lateral pull-in, hence leading to a greater pull-in angle. The employment of the double-beam structure increases the ratios of k twist /k x and k twist /k y , where k x and k y are the spring constants of the x-and y-axis rotations respectively, whereas k twist is the spring constant for the in-plane twist motion. A larger k twist /k x or k twist /k y ratio strengthens the device resistance against lateral instability, therefore ideally yielding a larger pull-in angle.
We also observe that, with the same initial finger gap, decreasing the finger overlap length increases the pull-in voltages with slight changes in the angles. This is caused by the fact that a shorter overlap length results in a smaller capacitance, and therefore a higher voltage is required to reach a certain angle.
The results of modal analysis are shown in table 2, which lists the mechanical resonant frequencies f x , f y , and f twist of the lowest-three-order modes, x-axis rotation, y-axis rotation, and in-plane twist, respectively. The frequencies within a certain column vary slightly from each other as their moments of inertia are not exactly identical due to different comb parameters. For a device with single-beam lower springs, the twist mode exhibits a slightly lower resonant frequency than the y-axis rotation mode. This is undesirable, as coupling between the rotation and the unwanted in-plane twist can easily occur under dynamic operation. Moreover, both ratios, f twist / f x and f twist / f y , of the double-beam devices are respectively larger than their counterparts of the single-beam devices. This implies larger k twist /k x and k twist /k y , desirable as mentioned above. Therefore, devices with double-beam springs prevail in these regards. Furthermore, f x is smaller than f y for each device, i.e., k x < k y or k twist /k x > k twist /k y . Based on the concept of lateral instability, this explains why x-axis rotation exhibits a larger angle than y-axis rotation for each device. Figure 5 shows the scanning electron microscopy (SEM) photographs of the fabricated devices. The images are taken after a 45 min HF release process of oxide etching, CO 2 supercritical drying, and metallization. The metallization process deposits 50Å thick Cr and 2000Å thick Au to enhance the reflectivity of the mirror surface. The mirror in figure 5(a) is intentionally cut into a circular shape to reveal the underlying structures. This particular device has single-beam lower springs. The upper torsion springs are not shown in the photograph as they are hidden under the bars extruding from the circular mirror. Figure 5(b) is photograph of a standard device with a square mirror. The gutter-like structures work as on-chip shadow masks that prevent electrical shorting between electrodes after the metallization. The radius of curvature of the mirror is >100 mm before metallization and 45 mm after depositing the high-reflection Cr/Au coating. This curvature is acceptable for a MEMS wavelength-selective switch [16] . Figure 6 (a) is the measured dc characteristic of device E6 (double-beam lower springs, 2 µm initial finger gap). The mechanical scan angles are ±5.4
Device characterization and discussion
• at 42 V and ±2.3
• at 61 V for rotations about the x-axis and the y-axis, respectively. The measurement result of device E4 (double-beam lower springs, 3 µm initial finger gap) is shown in figure 6(b) . The angles are ±4.3
• (44 V) and ±2.35
• (69 V) for x-and y-axis rotations, respectively. For both devices, rotation about the upper springs is more susceptible to lateral instability due to the asymmetric spring structure (k twist /k y < k twist /k x ) and therefore has a smaller scan range, as anticipated by the simulation. With a symmetric spring design, the scan angles for the two axes are expected to balance. As shown in the plots, an induced x-axis tilt caused by coupling is observed while actuating the y-axis rotation.
A discrepancy between the experiment and simulation is observed with regard to the absolute values of angles. Also, the measured x-and y-axis angles of device E6 are larger than those of device E4, respectively, contrary to what the simulation has predicted. To address these issues, we first vary the spring beam width in the simulation and investigate the changes in the outcome. In a previous SUMMiT-V run [19] we verified an undercut of 0.13 µm on each side resulting from the etching of poly0 springs during that SUMMiT-V run. This effectively narrowed the spring width to 0.74 µm for an originally 1 µm spring width design. Here, for the devices E6 and E4 we change the lower-spring beam width from 1 to 0.74, 0.66 and 0.59 µm in the ANSYS simulation for comparison. It can be seen in figure 7 that an undercut at the springs plays a significant role in the device characteristic, especially for xaxis rotation. Moreover, other deviations during the device fabrication may occur; for example, the thickness of the CMP-processed sacrificial SiO 2 layer, which is set as the nominal 2 µm in the simulation, could eventually vary from run to run, falling within the range 1.9-2.4 µm for sacox3 and 1.7-2.2 µm for sacox4. These fabrication deviations along with the spring undercut may be the causes of the above discrepancies between the measured results and theoretical predictions.
The resonant frequencies for the x-axis and y-axis rotations of device E6 are 7 and 12 kHz, respectively (figure 8).
They are lower than the theoretical values in table 2 for two major reasons: undercut at the springs during the etching steps and the additional inertia contributed by the coated Cr/Au. Coupling between the two rotational modes is also observed and shown. The red/blue dotted line is the frequency response of the induced y-axis/x-axis rotation under x-axis/y-axis actuation. The minor peak around 7 kHz/12 kHz in the red/blue dotted line results from the x-axis/y-axis rotation, which is however detected by the position sensing detector due to slight system misalignment. More experimental measurements of the resonant frequencies as well as dc characterization of other devices are still in progress. The actual layer thicknesses and amount of spring undercut will also be determined to further improve the simulation model.
Conclusions
We have demonstrated novel two-axis MEMS scanners with radial vertical combdrive actuators. The mirrors are designed based on the SUMMiT-V surface micromachining process. Cross-bar spring structures are used to achieve dual-axis rotation. Both the radial vertical combdrive actuators and torsion springs are hidden underneath the mirror to achieve small form factors. Theoretical simulations under various device parameters are performed. Preliminary experimental results are also obtained. For one of the devices, the measured mechanical scan angles are ±5.4
• at 61 V for rotations about the x-axis and y-axis, respectively.
